The relationships among locations of body fats have not been thoroughly examined in White-tailed Deer (Odocoileus virginianus). We measured bone marrow fat (n = 2995), back fat (n = 1018), kidney fat (n = 2076), and xiphoid fat (n = 1246) levels of White-tailed Deer kills from Cook and Lake counties in northeastern Minnesota during [1974][1975][1976][1977][1978][1979][1980][1981][1982][1983][1984][1985][1986][1987][1988][1989][1990]. For each dead deer we determined age, sex, date, and causes of mortality. All of the fat measures were correlated to varying degrees. Generally all fat measurements peaked in late autumn and subsequently began declining and reached their lowest levels in May. Fat content was negatively correlated with winter severity. Causes of mortality included predation, poaching, accidental, unknown, and auto-collisions. Predated animals had lower bone marrow (-7.42 ± 3.92) and 0.165 ± 2.30 times lower back fat and had higher amounts of kidney fat than those killed by vehicles (0.86 ± 0.43).
Physical condition is important to ungulate survival and reproduction. Poor nutritional status can often result in reduced body size, reduced antler growth, decreased reproduction, and increased mortality. Fat storage reflects the annual nutritional cycle which is why fats throughout the body are used as a general index for body condition. Wildlife managers often assess an individual's body condition as a tool for management decisions regarding populations.
In 1971 a White-tailed Deer (Odocoileus virginianus) reproduction study was initiated to monitor fawn production and estimate survival. Initially this was done by managers who examined vehicle-killed deer to obtain age classes, qualitative description of fat reserves, number of fetuses carried if applicable, and body weights. We also collected data on sex and cause of mortality, and measured several types of body fat (i.e., back fat, kidney fat, bone marrow fat, and xiphoid fat) to assess relative condition. The purpose of this paper is to exam ine fat relationships.
Several studies have correlated kidney fat with marrow fat (Finger et al. 1981; Torbit et al. 1988; Takatsuki 2000) and correlated several different bones with regards to marrow fat (Snider 1980; Ballard et al. 1981; Fuller et al. 1986; Davis et al. 1987; Husseman et al. 2003) . However, few studies have examined relationships among the other types of body fat indices with bone marrow fat. Lochmiller et al. (1985) indicated that kidney fat and femoral marrow fat together made a good assessment of body condition. Finger et al. (1981) suggested that adding subcutaneous back fat to aforementioned parameters would provide a more accurate measurement of body condition. Several other studies suggested that the most accurate evaluation of physical condition can be attained by measuring two or more indicators (Ransom 1965; Trout and Thiessen 1968; Winstanley et al. 1998 ), but others indicate that marrow fat may not be useful (Mech and DelGiudice 1985; Cook et al. 2001) .
We examined differences in fat content of Whitetailed Deer by age classes, sex, month, year, winter sev erity index (WSI) and causes of death. We hypothesized deer in poor body conditions (i.e., low body fat) would be targeted by predators.
Study Area
We conducted the study in Cook and Lake counties in northeastern Minnesota near Lake Superior during [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . All but a small number of deer in the region migrated to this area each winter. Elevation ranged from 180 to 700 m and the climate was cool-temperate (Hovde 1941) , with snowfall averaging >150 cm during winter (Nelson and Mech 1981) . The general area along Lake Superior was milder and had less snow depth than the inland area, where the weather station was located. The area where temperatures were recorded was <50 m from Lake Superior, which gets full benefit of the lake's "heat sink" effect such that the surrounding area is kept warmer in winter and cooler in summer than the inland areas. For a more detailed description of the study area, refer to Nelson and Mech (1981) .
examined each deer for sex, age (tooth eruption and replacement and by counts of dental cementum when tooth replacement was completed), and fat composition. We assigned a date of death. We classified deer as fawn (0-11.5 months), yearling (12-23.5 months), adult ≥24). We assumed all fawns were born on 1 June.
We removed femur bone marrow fat samples from the center of the bone and froze them until processed. We determined marrow fat conditions according to methods described by Neiland (1970) . We also made several body fat measurements to compare with marrow fat contents. We estimated kidney fat based on the following criteria: (1) bare of fat, (2) slightly spotted to nearly bare of fat, (3) spotted with fat, (4) heavily spotted to nearly enveloped in fat, and (5) kidney completely enveloped in fat. We initiated the study mea suring bone marrow and kidney fat; we began mea sur ing xiphoid fat on the xiphoid process in Decem ber 1984, and back fat in August 1982. We measured xiphoid fat in mm with calipers. We measured back fat depth (mm) on the rump about 40 mm forward of the base of the tail and 20 mm to the side of the spine. Some fat measurements were not taken on all deer due to severity of vehicle impact, degree of decomposition, or because of consumption by predators or scavengers.
We classified cause of death into four categories: based upon the evidence at the site: predator, poaching, accidental, and vehicle. Winter severity was documented for each year using the Minnesota Department of Natural Resources (MDNR) index for the Grand Marais area (MDNR, unpublished data). The WSI was obtained by summing the number of days with ≥15 inches of snow and the number of days of -17°C, or below (MNDR, unpublished data). The temperatures and snow depths were taken at the official weather station.
Xiphoid and back fat were natural log transformed for most analyses; however, they were not transformed for the time series analysis. Kidney fat was measured on a scale so we used Spearman's rho to determine fat correlation. We used an LSMeans Contrast to determine if animals that died from predation or poaching had significantly different fat levels from those killed by vehicles. Fat data missing prior to when collections began for specific fat types could not be used for comparisons among the fat types, but could be utilized in analysis related to winter severity. For this analysis, in order to reduce the variation due to sample size discrepancy by mortality type, we randomly sub-sampled the 2912 vehicle collisions to 275 samples (Table 2) .
We used the Autoreg procedure in SAS (SAS Institute Inc. Cary, North Carolina USA 2000) to analyze the time series analysis to determine significant explanatory variables in fat deposition and mobilization. We summarized the data with mean values of fat per month and then subjected to the time series analysis. The model included winter severity index (WSI), age class, and sex. The Autoregressive parameters were sel ected using the stepwise back step option.
Results
We collected 2995 samples of bone marrow, 1018 back fat samples, 2076 kidney fat samples, and 1246 xiphoid fat samples ( Table 1 ). All of the fat measures were correlated to varying degrees. Xiphoid and back fat were the most similar in measures (r s = 0.87). Kidney fat was also highly similar to marrow (r s = 0.6), back (r s = 0.81), and xiphoid (r s = 0.75). The least correlated fats were bone marrow with xiphoid (r s = 0.66) and back fat (r s = 0.69). All of the fat types were negatively correlated with winter severity (r = -0.19 marrow; r = -0.15 xiphoid; r = -0.12 back; r = -0.15 kidney).
Time series model for mean bone marrow improved when age, sex, and WSI were added (r 2 = 0.6; with 3 parameters r 2 = 0.63) with 3 autocorrelated parameters. After accounting for variation in fat across years due to the autocorrelated parameters by using time series analysis, age and WSI were significant factors in bone marrow fat (age: t 1 = 3.41, P < 0.001; WSI: t 1 = -2.11, P = 0.04). As animals got older they had 254 THE CANADIAN FIELD-NATURALIST Vol. 122 more fat and during the colder months their marrow fat decreased. After accounting for variation across years, there was evidence that age and sex were significant for mean kidney fat (r 2 = 0.82, age: t 1 = 2.46, P = 0.02; sex: t 1 = 1.91, P = 0.06). Only 59% of the variation was explained by the time series model for mean back fat with three autocorrelated parameters. There was conclusive evidence that sex and WSI influenced mean back fat (sex: t 1 = 3.98, P < 0.001; WSI: t 1 = -2.83, P = 0.04). Back fat also was influenced by the time parameter (t 1 = -3.28, P < 0.001). The time series model explained 82% of the variation in mean xiphoid fat with three autocorrelated parameters. There was slight evidence that WSI was influential on mean xiphoid fat (t 1 = -1.85, P = 0.07). Looking at each fat over all years of the study, there is a slight decreasing trend in fat content in deer, however this was only significant for back fat (back: -0.71 ± 0.21, P = 0.002; Figure 1 ). Fat measures were greater for poached animals and lower for predated animals when compared with vehicle collision individuals, although this was only statistically significant for kidney fat, bone marrow and back fat (Table 2) . Predated animals had lower bone marrow (-7.42 ± 3.92) and 0.165 ± 2.30 times lower back fat than those that were killed by vehicles (Figure 2) . Poached animals had higher amounts of kidney fat than those killed by vehicles (0.86 ± 0.43). Due to the distribution of sample collection, we were unable to directly compare fat content of poached versus predated individuals.
Mobilization and deposition trends were similar throughout a year for all fats; therefore, we used one or two fats as examples of the trends. All deer had cyclic use of fats, decreasing fat amounts in spring (AprilJune) and increasing or storing over the summer and fall to the highest levels in the winter (NovemberJanuary) to again decrease in the spring. Females had more fat than males (Figure 3) , and fawns and yearlings had lower amounts of body fat than adults (Figure 4) . There was an inverse relationship between WSI and fat amounts ( Figure 5 ).
Discussion
All fats were associated with each other to varying degrees. Back and xiphoid fats were highly correlated; kidney fat was also correlated with back and xiphoid fat. Bone marrow fat was largely explained by the other measures as well, though it was most different from the others, especially kidney fat. This was likely due to the asymptotic pattern rather than a strictly linear pattern that bone marrow exhibits. The trends in body con dition that we detected were similar to those reported in other species comparing sex and age classes, seasonal differences, and causes of death (Franzmann and Arneson 1976; Davis et al. 1987; Spears et al. 2003) .
Fat is deposited and mobilized throughout the body in a specific order (Kistner et al. 1980; Winstanley et al. 1998) . Mobilization occurs in the order of subcutaneous fat, various fats throughout the abdominal cavity, and then bone marrow fat, whereas the deposition occurs in the reverse order (Harris 1945; Winstanley et al. 1998) . Each fat index has limitations that can not only be due to physiological factors, biological factors, and season influences, but also can be due to collection techniques, for example, bone marrow fat is the first fat deposited and last fat reserve used by an organism; therefore, it is an excellent index for an animal in extremely poor body condition, but a poor index for animals in good condition (Mech and DelGiudice 1985; Fuller et al. 1986; Torbit et al. 1988) . Another consideration is what constitutes a healthy animal in one region may be relative to other members of the popu- lation or region (Ballard 1995) . Previous research indicates that marrow from other bones throughout the body may be used when the femur is not available (i.e., predation sites) and those different marrow fats are correlated to one another (Snider 1980; Ballard et al. 1981; Fuller et al. 1986; Davis et al. 1987) . Subcutaneous fats, like back fat and xiphoid fat, are deposited and mobilized in the reverse of marrow fat (Harris 1945) . It is the last fat put on the body, and the first fat used. Therefore, it is only an indicator for animals which are in good condition (Harris 1945) . Un like other fats, during high stress conditions subcutaneous fats can be mobilized simultaneously from all areas of the body (Kistner et al. 1980 ). Back fat can be a difficult measurement to collect due to the prime location for consumption by predators and by hunter reluctance. If managers are surveying fat content at check stations in the autumn during optimal fat periods, hunters can be uncooperative by not allowing back fats to be measured due to the considerable skinning needed to obtain the measurement (Austin 1984) . Recent development of ultrasound methods may alleviate the problem (Steph enson et al. 2002) . However, most of our data were obtained from vehicle collisions, and therefore, back fat was usually so highly damaged from the impact that accurate measurements were impossible. Austin (1984) suggested that xiphoid fat can be a good substitute for back fat, which our data supports.
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THE CANADIAN FIELD-NATURALIST Vol. 122 FIGURE 1. Mean fat over years of back, xiphoid, bone marrow and kidney fat from White-tailed Deer in Minnesota (1974 Minnesota ( -1990 .
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Several studies have correlated kidney fat with marrow fat (Finger et al. 1981; Torbit et al. 1988; Takatsuki 2000) and correlated several different bones with regards to marrow fat (Snider 1980; Ballard et al. 1981; Fuller et al. 1986; Davis et al. 1987; Husseman et al. 2003) . However, few studies have examined relationships among the other types of body fat indices with bone marrow fat. Lochmiller et al. (1985) indicated that kidney fat and femoral marrow fat together made a good assessment of body condition. Finger et al. (1981) suggested that adding subcutaneous back fat to aforementioned parameters would provide a more accurate measurement of body condition.
These data were not collected to examine impacts of global warming. However, they could be used in conjunction with other metadata analyses to examine possible impacts on mammalian species. There was a slight decreasing trend of each fat amount, though it was only significant for back fat (Figure 1 ). This significance is primarily influenced by the data point from 1982. There are several possible explanations as to what happened in 1982. The previous winter severity was low (1981 WSI = 72); therefore, the animals had a relatively "easy" winter and a "good" amount of fat. The winter severity was high during 1982 (WSI = 142) and with the time lag the results of this severe winter would be seen after 1983; thus the decrease in fat content the following year. However, even with a lighter WSI the following years (1983 = 46; 1984 = 85; 1985 = 42) , the fat content still did not increase. For all of the fats there is a slight negative trend over time. Changes in temperature can cause a change in species traits by shifting their ranges (Hughes 2000; Root et al. 2003) , changing natural history traits, or 2008 NICHOLSON, PETERSON, AND BALLARD: WHITE-TAILED DEER BODY FAT 257 FIGURE 2. Fat measures by mortality type from kidney, back and bone marrow from White-tailed Deer in northeastern Minnesota (1974 Minnesota ( -1990 .
Back (mm) ± SE Bone Marrow (%) ± SE Kidney (scale 1 to 5) ± SE Mortality changes in morphology (Barnosky et al. 2003; Root et al. 2003) . Predator-prey relationships have been discussed extensively through the years, yet what is still uncertain is the underlying mechanism of predicting predation mortality (Quinn and Cresswell 2004) . One foraging theory of predators is they preferentially select the more vulnerable prey (e.g. Schaller 1972; Scheel 1993; Moore 2002; Khan et al. 2004 ). Vulnerability of an individual is typically defined by the age and health of the individual (Bergman et al. 2006) . Determining differential selection is difficult because predation events are rarely witnessed and then it is even more complicated for biologists to determine the ultimate versus proximate cause of death. Our data suggest that the predated white-tail deer were in lower body condition than those that were randomly killed by vehicles. There is no indication that animals with low body fat preferred road travel.
Biologists will continue to debate the usefulness of traditional body fat estimates for assessing body condition at time of death (e.g., Mech and DelGiudice 1985; Watkins et al. 1991; DelGiudice et al. 1992; Mech 2007) . New technologies such as ultrasonography undoubtedly will improve the determination of estimation of body condition (Smith and Lindzey 1982; Stephenson et al. 2002) . However, field biologists often may not have access to new technologies and will probably continue to rely on the traditional forms of condition assessment. Our results suggest that traditional fat measurements can provide reasonable indices of body condition between sexes, among age classes, differences among years, and in relation to winter severity and causes of death. All of the fat measurements were correlated and appeared useful, but a combination of four measurements may be superior for estimating condition.
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